Aggrecan is a large chondroitin sulfate proteoglycan whose expression is both cellspecific and developmentally regulated. Cloning and sequencing of the 1.8 kilobase genomic 5'-flanking sequence of the chick aggrecan gene revealed the presence of potential tissue-specific control elements including a consensus sequence found in the cartilage-associated silencers, CSIIS1 and CSIIS2, that were first characterized in the type 
INTRODUCTION
enhancer region, we demonstrated tissue-specific promoter activity and identified a 420 base-pair region in the genomic 5'-flanking sequence responsible for negative regulation of the aggrecan gene. Analysis of this nucleotide sequence revealed the presence of potential tissue-specific control elements including a consensus sequence found in the cartilage-associated silencers, CSIIS1 and CSIIS2, that were first characterized in the type II collagen promoter sequences, as well as numerous other potential cis elements (13).
To continue our analysis of the chick aggrecan promoter and enhancer region we have conducted DNase I footprinting assays, transient transfections, and electrophoretic mobility shift assays (EMSA) with the 420 base-pair region previously found to confer repressor activity and with native and mutated sub-sequences drawn from that region.
These three complementary methodologies provide an integrated approach to better understand the regulation of the aggrecan gene, allowing us to determine the nature and extent of some actual protein-DNA interactions and clarify which cis elements, of the many predicted, were responsible for our previous findings. Using sequences characterized in these studies, we later assayed for the binding of previously-defined 4˚C against dialysis buffer (20 mM HEPES, pH 7.9, 20% glycerol, 100 mM KCl, 0.2 mM EDTA, 0.2 mM PMSF, 0.5 mM DTT). The nuclear extracts were used immediately for DNase I footprinting experiments, gel shift assays, or further purification procedures.
Transfection-Standard methods were followed for calcium phosphate transient transfections (17) . Duplicate plates containing approximately 5 x 10 6 cells (either chondrocytes or fibroblasts) received 20 pmol of a given plasmid construct to be assayed and incubation continued for 36 h. Five µg of a ß-galactosidase reporter plasmid were co-transfected with each experimental construct to correct for cell loss. Duplicate transfection sets were prepared three times, each time yielding similar results.
Cell Recovery and Assays-Reagents for the luciferase and ß-galactosidase assays were purchased from Promega. Since both luciferase assays and ß-galactosidase assays were performed, Promega's Reporter Lysis Buffer was used (RBL, E3971) to prevent the inhibition of ß-galactosidase activity which occurs in buffers containing detergents such as Triton X-100. No deviations were made from the manufacturer's protocols for preparation of extracts from tissue culture cells and the enzyme activity assays. Three sample aliquots from each of the duplicate transfection plates were assayed. The enzymatic activity of luciferase was measured with a luminometer (Analytical restriction enzyme (Xho I) to ensure that only one end of the probe contained a radiolabled phosphate. The probes were then extracted twice with phenol/chloroform and precipitated using standard protocols (12), then stored at 4 ˚C in TE8 buffer (10 figure legend) . The DNA-protein complexes were electrophoresed on 5% polyacrylamide gels in TBE buffer. Figure 1 shows a representation of a portion of the 1.8 Kb aggrecan gene genomic 5'-flanking sequence. The 420 bp region from -1200 to -780 relative to the most 5' transcription start site, was previously shown to play a negative regulatory role (12). This sequence was searched against the Transcription Factor Database using the program FINDPATTERNS, and some of the resulting predicted cis elements embedded in that sequence are represented in the diagram. Dnase I footprinting experiments were conducted using two PCR-generated, single-end 32 P-labeled probes ( Fig. 1 (Fig. 2C) , was obtained using a third probe from sequence just 3' of the probe 2, from -730 to -703 (data not shown). This segment was protected by both chondrocyte and fibroblast nuclear protein.
RESULTS

DNase I Footprinting with Probes Spanning the Aggrecan Repressor Region-
Comparison of the protected sequences with the Transcription Factor Database search results determined that a number of previously defined cis element consensus sequences were contained within the observed footprint regions (Fig 2C) . Footprint G included MalT_CS, H2A, P5, Aldosterone_CAP_box, D4(rev) and D1 sequences. Both footprints J and K contain the sequence CTCCTCC (which includes the abovementioned malT-malPp site) and footprint J had two repeats of the sequence TCCCC, which occurs once in the footprint L sequence. Furthermore, J contained a CTTCAC sequence while L contained the very similar sequence, CTTCAG, and both contained a CACCTCC sequence.
Functional Analysis via Mutagenesis of the Aggrecan Promoter Repressor Region -
The extent to which these protected sequences contribute to the previously reported repressor activity of this promoter segment was addressed by introducing mutations into the native 1.8 kb Ag-1(+) sequence which preserved the nucleotide spacing but altered the bases putatively involved in nuclear protein binding. Alternating series of either As and Ts (poly(dA)-poly(dT)) or Cs and Gs (poly(dC)-poly(dG)) were substituted for the normal footprint sequences (Table I) . Sternal chondrocytes and fibroblasts were transfected with these mutant sequences in reporter plasmid constructs;
initial experiments suggested that the simple introduction of either a series of As and Ts or a series of Cs and Gs did not alter activity in itself, nor did it matter which substitution sequence was used (data not shown). These experiments included use of either poly A-T or poly G-C at a given protected sequence mutation site with highly similar results. Use of these sequence blocs to mutate other locations in Ag-1(+) produced either the opposite or no effect on reporter expression. Lastly, in the results described below, it was found that a given mutational sequence produced different effects depending on which protected sequence was mutated. In sum, effects of mutations correlated with their location and not with the type of sequence bloc used.
Since the single, large protected sequence observed for footprint J with fibroblast extract appeared as two discrete regions when protected by chick chondrocyte protein, two mutations were made in the J sequence, mJ.2 which altered the nucleotides -878 to -860 and mJ.1 which altered the sequence spanning -859 to -830. The mutant construct mJ.2 ablated the CIIS2-containing sequence and the malT_malPp consensus sequence, while the mutant construct mJ.1 removed only the CK-8-mer site. There is a high degree of similarity, and a three-base overlap, between the CIIS2 and malT_malPp sequences in footprint J. To evaluate these elements separately we mutated the sequence that corresponds to footprint K, which also contained a consensus sequence for a malT_malPp site, but not the very similar CACCTCC sequence. A second observed CIIS2 sequence, located in footprint L, was mutated to determine to what extent that sequence alone was affecting activity, thus mK ablated a malT_malPp site, mL removed a CIIS2 sequence and mJ.2 mutated the composite sequence CACCTCCTCC.
Transient transfections of chondrocytes or fibroblasts with the construct Ag-1(+)
(the forward orientation of the 1.8-kb insert in the promoter/enhancer-free pGL-2-Basic reporter vector) were compared to Ag-1(+) constructs bearing the various footprint mutations. Mutations of the sequence described as footprint G had little effect on reporter expression in transfected chondrocytes when compared to the normal Ag-1(+) construct (Fig. 3A) ; however, construct mG produced a 30% increase in luciferase activity compared to that for Ag-1(+) in transfected chick fibroblasts (Fig. 3B ).
Similarly, mutation of protected sequence H, which had a Sp1_CS4 site in the reverse orientation, had little effect in transfected chondrocytes, while reporter activity in transfected fibroblasts dropped nearly 25% when construct mH was compared to the normal Ag-1(+) construct. Disruption of the protected sequence I, which contains a Zeste-like sequence, caused a significant increase in reporter activity in both chondrocytes and fibroblasts, to nearly 400% and 175%, respectively. Alteration of the large protected sequence J caused substantial increases in luciferase activity in both transfected chondrocytes and fibroblasts. The construct mJ.2, which mutated the overlapping CIIS2 and malT-maLPp sites, exhibited the highest increases in relative reporter activity, i.e. transfected chondrocytes showed an increase in luciferase activity of nearly 600% and luciferase activity in transfected fibroblasts peaked at 230%. Removal of the CK-8-mer site, in construct mJ.1, increased relative reporter activity by nearly 400% in transfected chondrocytes but only 35% in transfected fibroblasts. Interestingly both constructs mK and mL, which ablated separate malT-malPp and CIIS2 sites, respectively, produced large reporter activity increases in both cell types, but neither of these equaled the activity increases for the mutant construct mJ.2 which eliminated overlapping sequences of each cis element. Construct mL exhibited greater activity than mK in transfected fibroblasts; this reporter activity was similar to that observed for the mutant construct mJ.2 in fibroblasts. While mL exhibited less activity than mK in transfected chondrocytes, in both cell types alteration of the sequence CACCTCC (mL)
caused a significant increase in luciferase activity, suggesting the presence of repressor, silencer or modulation complexes acting at that site alone.
Examination of DNA-Protein
Interactions by EMSA -To further explore the nature and extent of the DNA-protein interactions at the observed protected sequences in chick chondrocytes, double-stranded probes corresponding to these sequences were made for use in EMSA experiments. Table II shows it is unique to this larger sequence that is not included in the other probes.
Probes that corresponded to the protected sequences G, H and I were also synthesized; Figure 4B represents the EMSA patterns that are observed when these probes bind with day-14 chick sternal chondrocyte nuclear proteins. Incubation with probe G produced three specific complexes (labeled 1,2,3) that do not align with any other observed bands, suggesting that these DNA-protein complexes are unique. Probe H produced one band that migrated between the complexes 1 and 2 observed for probe G.
Probe I produced one specific band that similarly migrated between the complexes 1 and For probe G, 3 bands were observed that increased in intensity in a dosedependent manner and that could be competed out with excess unlabeled double-stranded probe G (Fig. 5A ). Bands 1 and 3 appear with chondrocyte extract at protein concentrations of 1ug per reaction. Band 2 did not appear distinctly until higher concentrations of nuclear protein were added. Band 3 was of lower intensity (or more diffuse) than band 1 at low concentrations, but the converse was observed at higher concentrations of proteins (compare lanes 1 and 3). Band 3 was the most difficult to compete out with excess unlabled probe (persisting with a 100-fold excess), while bands 1 and 2 competed out at a 25-fold excess. A faster-migrating band was present in all of the samples and was not dependent on protein concentration or amount of unlabeled probe, suggesting that it represents nonspecific binding. A protein-dose-dependent change in complex formation was also seen for probe L (Fig. 5B) . With increasing concentrations of chick chondrocyte nuclear protein a complex appeared that migrated Probe L shares various sequence elements with the other three, so the difference in affinity for particular complex components likely stems from the exact arrangement of elements. Also, since L can compete against band A formation even though it does not form that complex itself, it is possible that bands A and B, though never observed together, share some protein components.
Examination of the Defined Repressor Cis Elements in the Context of Other
Genes and Exogenous Stimuli-Footprint J contained the sequence (CACCTCC), a motif present in the 80 and 100 base-pair silencers CIIS1 and CIIS2 defined in the rat type II collagen promoter (13). Studies on the collagen α1(II) promoter defined this site in the context of a 100-bp sequence abolishing transcription in fibroblasts and HeLa cells but not in chondrocytes (13). Our studies demonstrate that this sequence is acting as a repressor of the aggrecan gene in both mesenchyme-derived cell types. Most likely, the sequence (CACCTCC) that is present in footprints J and L, and the rat collagen α1(II)
CIIS1 and CIIS2 regions is sufficient to produce silencer activity in both chondrocytes and fibroblasts, and the CACCTCC sequence is a minimal core or half-site element responsible for the binding of a general mesenchyme-specific repressor. EMSA results for both chondrocytes and fibroblasts suggest that elements flanking this sequence are important in the cell-type specific interactions observed in our study and can produce cell-type specific DNA-protein complexes.
Footprint K contained the similar malT-malPp consensus sequence (TCCTCC), a site important in the positive regulation of the Malt gene (18). The Malt gene is regulated by Mlc, which has homology to the protein NagC, a gene regulator functioning as a repressor of enzymes that control the uptake and release of N-acetyl-glucosamine (19) .
Regulation of the Malt gene can be modulated by the amount of internal free glucose or glucose derived from disaccarides (20) (21) (22) . It is tempting to speculate that these aggrecan repressor sites are in some way linked to the availability of sugar precursors since aggrecan is extensively glycosylated. Furthermore, the TCCTCC motif has also been found in the human COL1A2 promoter (23) and the decay-accelerating factor gene (DAF) (24) . When the TCCTCC site was mutated in the COL1A2 promoter there was a significant reduction of basal promoter activity in transfection experiments using human fibroblasts (23); deletion of a region containing this motif in the DAF gene resulted in complete loss of promoter activity as determined by CAT assays in transfected COS cells (24) . In these promoters then, the TCCTCC motif appears to bind an activator of transcription. Interestingly, when the same group put the TCC-containing motif in the opposite direction to drive the expression of a tk promoter system, basal promoter activity was significantly increased, suggesting that in a different context and system this motif has the capacity to act as a repressor. The authors suggest that these phenomena could be due to conformational changes induced by the trans factors that bind to this site, indicating that this sequence has a dynamic role that probably involves precise positioning relative to adjacent sequences (23).
The human COL1A2 promoter also has a TCCCCC motif, mutation of which increased promoter activity by nearly six-fold (23) . Interestingly, the TCCCCC motif was located at -159 in the human genomic clone, only 31 base pairs from the TCCTCC motif at -128. A similar pattern is seen in the chick aggrecan promoter with the TCCTCC sequence contained in protected regions J.2 and K, with very close proximity to the TCCCC sequences found in sequences J.1 and L.
In sum, we have dissected a functionally significant 420 bp region of the aggrecan promoter that was previously shown to repress chick aggrecan gene expression (12). We have identified cis elements mediating the observed repressor activity and have characterized the propensity of these sequences to form cell-type-specific DNA-protein interactions with nuclear proteins derived from day-14 chick chondrocytes or fibroblasts.
DNase I footprinting protected several forward-strand sequences primarily composed of combinations of the bases thymine and cytosine, three of these were found by EMSA to participate in specific DNA-protein interactions: the sequence CTCCTCC produced band A, CTTCA(G/C) produced band B , and TCCCC produced band C in chondrocytes.
Band C was observed with chick fibroblast nuclear proteins only in the context of probe L, which was shown to have the strongest affinity for nuclear proteins in cross- To our knowledge this is the first parallel examination of the EMSA patterns for six functionally-defined cis elements with highly similar sequences, using protein from normal primary cells. By purifying and characterizing transcription factors that bind to these sequences, we are now able to investigate how these elements function to regulate aggrecan expression during development and in response to either chemical stimuli by cytokines or physical stresses on cartilage tissues, both in normal and disease states. (Table II) (Table II) were incubated with nuclear extracts from day-14 chick chondrocytes. The major DNA-protein complexes are labeled 1-3. Panel A shows EMSA results for probe G (Table II) (Table II) (Table II) (Table II) as non-specific DNA competitor. 
